Previously, we reported that Arg177 is involved in Mn II binding at the Mn II binding site of manganese peroxidase isozyme 1 (MnP1) of Phanerochaete chrysosporium by examining two mutants: R177A and R177K. We now report on additional mutants: R177D, R177E, R177N, and R177Q. These new mutant enzymes were produced by homologous expression in P. chrysosporium and were purified to homogeneity. The molecular mass and the UV/ visible spectra of the ferric and oxidized intermediates of the mutant enzymes were similar to those of the wildtype enzyme, suggesting proper folding, heme insertion, and preservation of the heme environment. 
Previously, we reported that Arg177 is involved in Mn II binding at the Mn II binding site of manganese peroxidase isozyme 1 (MnP1) of Phanerochaete chrysosporium by examining two mutants: R177A and R177K. We now report on additional mutants: R177D, R177E, R177N, and R177Q. These new mutant enzymes were produced by homologous expression in P. chrysosporium and were purified to homogeneity. The molecular mass and the UV/ visible spectra of the ferric and oxidized intermediates of the mutant enzymes were similar to those of the wildtype enzyme, suggesting proper folding, heme insertion, and preservation of the heme environment. However, steady-state and transient-state kinetic analyses demonstrate significantly altered characteristics of Mn II oxidation by these new mutant enzymes. Increased dissociation constants (K d ) and apparent K m values for Mn II suggest that these mutations at Arg177 decrease binding of Mn II to the enzyme. These lowered binding efficiencies, as observed with the R177A and R177K mutants, suggest that the salt-bridge between Arg177 and the Mn II binding ligand Glu35 is disrupted in these new mutants. Decreased k cat values for Mn II oxidation, decreased second-order rate constants for compound I reduction (k 2app ), and decreased first-order rate constants for compound II reduction (k 3 ) indicate that these new mutations also decrease the electron-transfer rate. This decrease in rate constants for compounds I and II reduction was not observed in our previous study on the R177A and R177K mutations. The lower rate constants suggest that, even with high Mn II concentrations, the Mn II binding geometries may be altered in the Mn II binding site of these new mutants. These new results, combined with the results from our previous study, clearly indicate a role for Arg177 in promoting efficient Mn II binding and oxidation by MnP.
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White-rot basidiomycetous fungi are the only organisms capable of degrading the phenylpropanoid plant cell wall polymer, lignin, to CO 2 and H 2 O [1±3]. These fungi are also able to degrade a variety of aromatic pollutants when cultured under ligninolytic conditions [4±7] . During idiophasic growth, the best-studied lignin-degrading fungus, Phanerochaete chrysosporium, secretes two families of extracellular peroxidases, lignin peroxidase (LiP) and manganese peroxidase (MnP), which constitute the major enzymatic components of its extracellular lignin-degrading system, along with an H 2 O 2 -generating system [1, 2, 8, 9] . Both LiP and MnP are able to depolymerize lignin in vitro [9±11] , and the mechanisms of lignin model compound degradation by these enzymes have been examined [12±17] .
MnP from P. chrysosporium has been extensively characterized [3,18±20] . The heme iron of the native enzyme is ferric, high-spin, and pentacoordinate with a proximal histidine ligand [21±23] . Kinetic [20, 26, 27] . The reactions involved in the MnP catalytic cycle are:
The enzyme-generated Mn III is stabilized by chelators such as malonate and oxalate, the latter of which is secreted by the fungus [27±29]. The Mn III ±chelator complex, in turn, oxidizes phenolic substrates such as lignin substructures and aromatic pollutants [6, 7, 16] , as well as radical mediators [11, 30] .
Genomic and cDNA sequences of several MnP-encoding genes, including P. chrysosporium MnP isozymes mnp1, mnp2, and mnp3, have been reported [8,18,31±33] . X-Ray crystallographic studies and DNA sequence comparisons indicate that important catalytic residues in the heme pocket, including the proximal His173 and Asp242 and the distal His46, Arg42, Asn80, and Glu74, are conserved, indicating that the heme environment of MnP is similar to that of other plant and fungal peroxidases [21,32,34±37] .
Crystallographic [21] and site-directed mutagenesis studies [38±40] indicate that MnP contains a unique binding and oxidation site for Mn II . In this site, the single Mn atom is hexacoordinate, with two water ligands and four carboxylate ligands from heme propionate 6 and amino acids Glu35, Glu39, and Asp179. The crystal structure also suggests that Arg177 forms a salt-bridge with Glu35, thereby orienting this ligand for efficient Mn II binding [21] . Breaking this Arg177±Glu35 saltbridge by mutations such as R177A and R177K [41] or E35Q [39] probably affects the ability of the enzyme to adopt a closed conformation upon Mn II binding [42] , resulting in an increase in the apparent Mn II binding constant. Indeed, disruption of the salt-bridge between Arg177 and Glu35 by mutation of Arg177 results in a decrease in Mn II affinity. Herein, we further elucidate the role of Arg177 using spectroscopic and kinetic analysis of four new Arg177 mutants. Unlike the mutants previously reported, both the electron transfer rate and Mn II binding are affected in these new mutants.
M A T E R I A L S A N D M E T H O D S
Organisms P. chrysosporium wild-type strain OGC101, auxotrophic strain OGC107-1 (Ade1), and prototrophic transformants were maintained as described previously [43] . Escherichia coli DH5a was used for subcloning plasmids.
Construction of transformation plasmids
The R177D, R177E, R177N, and R177Q site-directed mutations were introduced separately into the plasmid pGM1 [38] , which contains 1.1 kb of the glyceraldehyde-3-phosphate dehydrogenase promoter (gpd) fused to the P. chrysosporium mnp1 gene at the translation start site. The PCR-based Quikchange (Stratagene) protocol was used for site-directed mutagenesis. Forward and reverse primers were designed for each mutagenesis reaction. Following these reactions, four plasmids, pGM-RD, pGM-RN, pGM-RE, and pGM-RQ, containing the R177D, R177N, R177E and R177Q mutations, respectively, were isolated. The complete mnp1 coding sequences, including the mutations, were verified by sequencing. Subsequently, the XbaI±EcoRI fragments of the mutant pGM plasmids, containing the gpd promoter and the mutated mnp1 genes, were subcloned into pOGI18 [44] , a P. chrysosporium transformation plasmid containing the Schizophyllum commune ade5 gene as a selectable marker, thereby generating the P. chrysosporium transformation plasmids pAGM-RD, pAGM-RN, pAGM-RE, and pAGM-RQ for the R177D, R177N, R177E, and R177Q mutations, respectively.
Transformation of P. chrysosporium
Protoplasts of the Ade 2 strain OGC107-1 were transformed as described previously [43] , using 1 mg of linearized pAGM-RD, pAGM-RN, pAGM-RE, or pAGM-RQ as transforming DNA. Prototrophic transformants were transferred to minimal medium slants to confirm adenine prototrophy and assayed for MnP activity using the o-anisidine plate assay described previously [45] . Transformants exhibiting the highest activity on plates were purified by fruiting as described [43, 46] , and the progeny were rescreened for MnP activity by the plate assay. For each mutation, the purified transformant with highest MnP activity was selected for further analysis.
Production and purification of the MnP mutant proteins
The selected transformants were grown from conidial inocula at 37 8C in high-carbon and high-nitrogen (HCHN) liquid stationary cultures, containing 0.2% tryptone, for 2 days [45] . For each mutant protein, 14 1-L HCHN shake cultures in 2-L flasks, inoculated with homogenized mycelium from one liquid stationary culture, were grown for 3 days at 28 8C [45] . The extracellular medium of HCHN liquid shake cultures was concentrated by hollow-fiber ultrafiltration (10-kDa cutoff, Amicon). Subsequently, the proteins were purified by phenylSepharose hydrophobic interaction, Blue Agarose affinity, and Mono Q anion-exchange column chromatography as described previously [39] . Wild-type MnP (wtMnP) was produced and isolated as described previously [19, 47, 48] .
SDS/PAGE analysis SDS/PAGE was performed using a 12% Tris/glycine gel system and a Miniprotean II apparatus (Bio-Rad), and gels were stained with Coomassie blue.
Enzyme assays and spectroscopic procedures
Electronic absorption spectra of the various oxidation states of the MnP enzymes and steady-state kinetic assays were recorded at room temperature using a Shimadzu UV-260 spectrophotometer. Transient-state kinetic measurements were conducted at 25^0.1 8C, using an Applied Photophysics stopped-flow reaction analyzer (SX.18 mV) with sequential mixing and a diode array detector for rapid scanning spectroscopy. The extent of MnPI formation was measured at 397 nm, the isosbestic point between MnPI and MnPII. Native enzyme (2 mm) in 50 mm potassium malonate, pH 4.5 (m 0.1 m), was mixed with a 10-to 50-fold excess of H 2 O 2 in the same buffer. For the reduction of MnPI, this oxidized state was prepared by premixing 4 mm enzyme in H 2 O with 1 mol equivalent of H 2 O 2 . The reaction mixture was incubated for 4 s, and MnPI formation was confirmed by rapid scanning. Subsequently, Mn II in 50 mm potassium malonate, pH 4.5, or ferrocyanide in 20 mm potassium malonate, pH 4.5, or bromide in 20 mm potassium succinate, pH 3.0, was added in a $ 10-fold molar excess. Succinate was used as the buffer in the bromide oxidations because these reactions do not require a chelator. Furthermore, pH 3.0 is the optimal pH for bromide oxidation [50] . The reduction of MnPI by Mn II or ferrocyanide was measured at 417 nm, the isosbestic point between MnPII and native MnP. The direct two-electron reduction of MnPI to the native enzyme by bromide was followed at 407 nm [50] . The reduction of MnPII by Mn II or ferrocyanide was also measured at 407 nm, the Soret maximum of the native enzyme. MnPII was prepared by premixing 4 mm enzyme and 1 mol equivalent of ferrocyanide in 20 mm potassium malonate, pH 4.5, with 1 mol equivalent of H 2 O 2 in the same buffer. This mixture was incubated for 5 s, and the formation of MnPII was confirmed by rapid scanning spectroscopy. Subsequently, MnPII was mixed with 0.025±10 mm Mn II in 50 mm potassium malonate, pH 4.5, or MnPII was mixed with 0.05±1 mm ferrocyanide in 20 mm potassium malonate, pH 4.5. All kinetic traces displayed a single exponential character from which pseudofirst-order rate constants were calculated. Typically, five or six substrate concentrations were used in triplicate measurements.
Protein modeling
Atomic coordinates of the MnP crystal structure [21] were obtained from the Protein Data Bank (PDB entry 1MNP). The coordinates of Arg177 were replaced by an initial set of coordinates for each specific amino acid, using the swisspdbviewer v3.51 software (Glaxo Wellcome Experimental Research), to create a set of coordinates for the R177D, E, N, Q, and K mutants. These mutant data sets were then subjected to energy minimization routines, using the sculpt (MDL Information Systems, Inc.) and gromos96 (W. van Gunsteren, Biomos, University of Groningen, the Netherlands) simulation packages, to optimize the orientations of the introduced side chains. The resulting sets of coordinates were re-examined with the swisspdbviewer software by generating a superimposed view of the wild-type and mutated Mn II binding sites.
Chemicals
Phenyl-Sepharose CL-4B, Cibacron Blue 3GA agarose, potassium ferrocyanide, and H 2 O 2 30% (w/w) solution were obtained from Sigma. All other chemicals were reagent grade. Solutions used for kinetic assays were prepared with HPLC-grade water obtained from Aldrich.
R E S U L T S Expression and purification of the mutant enzymes
The P. chrysosporium homologous expression system [45] was used to produce the mutant MnP enzymes R177D, R177E, R177N, and R177Q in the extracellular medium of HCHN shake cultures. The expression constructs for each of the mutant enzymes were used to transform the Ade 2 strain (OGC107-1) [43] , resulting in the isolation of multiple prototrophic transformants. These transformants were examined by the plate assay [39, 45] for MnP activity. Basidiospores of each transformant exhibiting maximal activity were further purified, and one isolate for each mutation was selected to obtain the strains AGM-RD, AGM-RN, AGM-RE, and AGM-RQ. These transformant strains expressed extracellular recombinant MnP enzyme when grown in HCHN shake cultures at 28 8C for 3 days, conditions under which endogenous MnP is not expressed [45] .
The mutant MnP enzymes were purified to homogeneity as determined by SDS/PAGE. The molecular masses of the mutant MnPs (46 kDa) were identical to those of recombinant wildtype MnP (rMnP) and wild-type MnP (wtMnP) (data not shown). The yields of expressed mutant enzymes were similar to those of rMnP [45] . Typically, mutant enzymes were purified to R z values of . 5.
Spectral properties of the MnP mutant enzymes
The optical absorption spectra of the native and oxidized intermediates, compounds I and II, for each of the R177E mutant enzymes were essentially identical to those of the wild-type enzyme (Fig. 1) . The other mutants exhibited identical absorption spectra (data not shown), suggesting that substitution of Asp, Glu, Asn, or Gln for Arg177 does not significantly alter the heme environment of the protein. [41] and E35Q [39] are included for comparison. The k cat values for Mn II oxidation by the R177D, E, N, and Q mutants were < 10-fold lower than those of the wtMnP and the R177A and R177K variants [41] . The apparent K m values for Mn II for the R177D, E, N, and Q mutants (< 3 mm) were similar to those of the R177A and K mutants and were < 30-fold higher than that of wtMnP. None of the Arg177 mutations have an effect on the catalytic efficiency (k cat /K m ) with respect to the reduction of H 2 O 2 under steady-state conditions.
Formation of MnP compound I
The kinetic traces for MnP compound I formation by the mutant and wild-type MnP enzymes exhibited an exponential character from which pseudo-first-order rate constants (k 1obs ) were calculated. The k 1obs values were linearly proportional to H 2 O 2 concentrations at 10-to 50-fold excess (data not shown). The apparent second-order rate constants (k 1app ) for MnPI formation were similar for wtMnP and the R177D, E, N, and Q mutant proteins ( Table 2 ), indicating that the mutations do not affect the reduction of H 2 O 2 , in agreement with the steady-state results.
Reduction of MnP compound I
The reduction of MnPI was assessed using Mn II , ferrocyanide, and bromide as substrates. The observed rate constants (k 2obs ) for wtMnP were too high to measure accurately for Mn II concentrations 30-fold higher than the enzyme concentration. Therefore, the second-order rate constant for wtMnP was estimated to be < 3 Â 10 7 m 21´s21 using low concentrations of Mn II , conditions not obeying strict pseudo-first-order kinetics (data not shown). However, k 2obs values for the reduction of the Arg177 mutant enzymes by Mn II were measurable under pseudo-first-order conditions, using a 10-to 100-fold excess of Mn II . The k 2obs values were linearly proportional to the Mn II concentrations with zero intercepts, indicating irreversible second-order kinetics (Fig. 2) . The apparent second-order rate constants (k 2app ) for the Arg177 mutant enzymes were < 10-to 20-fold lower than the estimated k 2app value for wtMnP and were < twofold lower than the k 2app values for the R177A and R177K mutant MnPs (Table 3) . Reduction of MnPI by substrates that do not bind at the Mn II binding site were also examined. Rates for the single twoelectron reduction of MnPI to native enzyme were assessed at various concentrations of bromide [50] for each Arg177 mutant and for wtMnP at pH 3.0. The individual traces exhibited an exponential character, and the observed rate constants (k 2 H obs ) for wtMnP and the Arg177 mutant enzymes were linearly proportional to the bromide concentrations with zero intercepts (Fig. 3) . The apparent second-order rate constants (k 2 H app ) were similar for wtMnP and all the Arg177 mutant enzymes ( Table 3 ). The rate of MnPI reduction by various ferrocyanide concentrations also was measured. k 2obs values were linearly proportional to the ferrocyanide concentration for each mutant enzyme, and the k 2app values were similar for the wild-type and mutant enzymes ( Table 3) .
Reduction of MnP compound II
The reduction of MnPII for the wild-type and mutant MnPs by Mn II was examined under pseudo-first-order conditions. Exponential traces were obtained and used to calculate the observed rate constants (k 3obs ) for wtMnP and the R177D, E, N, and Q mutant enzymes. The plots of the k 3obs values versus Mn II concentrations yield rectangular hyperbolae (Fig. 4) , with a first-order rate constant (k 3 ) [28] . The values for k 3 and K d of wild-type and Arg177 mutant enzymes were calculated using a nonlinear least squares fit to the data and are listed in Table 4 . The k 3 values for the R177D, E, N, and Q mutant enzymes were < 15-to 90-fold lower than those of the wtMnP and R177A and K mutant enzymes. However, the K d values were similar among the Arg177 mutant enzymes, exhibiting a < 30-fold increase compared to the wtMnP. The calculated apparent second-order rate constants (k 3app ) for MnPII reduction in the R177D, E, N, and Q mutant enzymes decreased < 10 3 -fold compared to wtMnP and < 50-fold compared to the R177A and R177K variants.
The rate of reduction of MnPII by ferrocyanide, which does not bind at the Mn II binding site [39] , was assessed in 20 mm potassium malonate, pH 4.5. The k 3obs values were linearly proportional to the ferrocyanide concentration, indicating second-order kinetics. The k 3app values for MnPII reduction by ferrocyanide in each of the mutants were similar to that of wtMnP (Table 4) . 
D I S C U S S I O N
Although the catalytic cycle of MnP is similar to that of other fungal and plant peroxidases, this enzyme is unique in its ability to efficiently oxidize Mn II to Mn III [3, 20, 26, 27] . The latter, complexed by an organic acid chelator, diffuses from the enzyme to oxidize the terminal substrate, lignin. Crystallographic [21, 42] and mutagenesis studies of MnP [38±40] demonstrate a cation binding site at the protein surface, consisting of the carboxylates of Asp179, Glu35, Glu39, and heme propionate 6. Mutations of these ligands, D179N, E35Q, and E39Q, which eliminate the carboxylic acid functional group, significantly decrease Mn II binding and oxidation rates. Thus, these ligands form the functional Mn II oxidation site in MnP [38, 39, 42] .
In addition to the Mn II ligands, Arg177 has been implicated in Mn II binding. Deduced amino-acid sequence comparisons of several MnP and LiP enzymes from different white-rot fungi show that Arg177 is conserved within MnP enzymes but is replaced by an Ala in LiP enzymes [18] . Previous mutagenesis studies, using steady-state and transient-state kinetics, show that the binding of Mn II to the active site is decreased in the R177A and R177K mutant proteins. However, the rates of Mn II oxidation by these mutants in the presence of excess Mn II remain unchanged [41] . The crystal structure of wtMnP suggests that Arg177 forms a salt-bridge with Glu35, thereby orienting Glu35 for efficient Mn II binding [21] . Crystallographic studies of the Mn II ligand mutants [42] suggest that Glu35 and Glu39 assume alternate conformations upon Mn II is bound. The disruption of the Arg177±Glu35 saltbridge by the R177A and R177K mutations resulted in a decreased Mn II affinity, possibly by affecting the ability of the enzyme to adopt the closed conformation upon Mn II binding [41] . However, because the electron transfer rates were unaffected by the R177A and R177K mutations, it is likely that when Mn II is bound, the Mn II coordination and binding site geometries of R177A and R177K are similar to those of wtMnP.
In the present study, we further investigate the role of Arg177 in MnP by characterizing four additional mutant proteins: R177D, R177E, R177N and R177Q. The purified, homologously expressed R177D, E, N, and Q variants were essentially identical to wtMnP with respect to chromatographic properties and molecular mass, suggesting that these mutations do not result in overall structural alterations in the variant proteins. The spectroscopic features of the ferric and the oxidized states (MnPI and MnPII) for the Arg177 variants were essentially identical to those of wtMnP, suggesting that the heme environments of the mutant MnPs are not significantly altered (Fig. 1) .
The kinetic properties for the reduction of H 2 O 2 were probably not affected by the mutation of Arg177. Under steady-state conditions, the k cat and k cat /K m are two fundamental constants which vary independently, while the K m is the ratio of these two. Rates for reduction of the oxidized intermediates of the R177D, E, N, and Q variants by ferrocyanide or bromide, substrates which do not bind and are not oxidized at the Mn II binding site [38, 39, 41] , were similar to those of wtMnP. The single two-electron reduction of MnPI by bromide exhibited second-order kinetics [50] with k 2 app values that were similar for the wild-type and all the Arg177 mutant MnPs. The reduction of both MnPI and MnPII by ferrocyanide also exhibited second-order kinetics. The apparent second-order rate constants for the Arg177 variants were similar to those of wtMnP. Together, these results indicate that mutations of Arg177 do not affect binding of ferrocyanide or bromide, nor do they affect reduction of enzyme intermediates by these substrates.
In contrast to the negligible effect on spectroscopic properties, and reactivity of the enzyme towards the substrates H 2 O 2 , ferrocyanide, and bromide, the new mutations at Arg177 significantly alter the kinetic properties of Mn II oxidation by MnP. The steady-state kinetic analysis of Mn II oxidation showed that the apparent K m values for Mn II of the R177D, E, N, and Q mutants were < 30-fold higher than those of wtMnP and were similar to those of R177A and R177K mutants. The apparent k cat values for the oxidation of Mn II under steady-state conditions decreased by < 10-fold for the R177D, E, N, and Q mutants compared to wtMnP. These decreased k cat values contrast with those of the R177A and R177K variants determined previously [41] where the k cat values were similar to the wild-type enzyme. These steady-state results indicate that, in addition to affecting Mn II binding, the R177D, E, N, and Q mutations significantly affect the rate of electron transfer.
Transient-state kinetic analysis of the individual steps in the MnP catalytic cycle indicate that the rates of compound I and compound II reduction by Mn II were significantly decreased in these four Arg177 variants compared to those of wtMnP. The second-order rate constants for compound I reduction of R177D, E, N, and Q by Mn II were < 10-to 20-fold lower than those of wtMnP and were < twofold lower than those of R177A and K (Table 3 ). These second-order rate constants combine the first-order rate constants and equilibrium dissociation constants; therefore, it is difficult to calculate independent changes in either binding or electron transfer. However, saturation kinetics were observed for the reduction of MnPII, enabling separate determination of binding constants and electron transfer rates.
The K d values for Mn II binding to MnPII of the R177D, E, N, and Q mutants were similar to those of the R177A and K mutant enzymes, each exhibiting a < 30-fold increase compared to that of wtMnP. The k 3 values of the Arg177 mutants produced in this study exhibited a < 15-to 90-fold decrease compared to that of wtMnP, while the k 3 values of R177A and K mutants were similar to those of wtMnP. Previous work with MnP mutants suggested that MnPII reduction can be separated into two steps: those affecting binding of Mn II to the Mn II binding site [41] and those affecting both binding and electron transfer from Mn II to the oxidized heme [39] . Our previous study with the R177A and R177K mutants indicated that disruptions of the salt-bridge between Arg177 and Glu35 by selected mutations of the Arg177 residue resulted in a decrease in Mn II affinity without affecting the electron transfer rates, suggesting that this salt-bridge is important for Mn II binding [41] . In the present study, both . The present study shows that, in addition to reduced Mn II binding, the R177D, E, N, and Q mutants exhibit reduced electron transfer rates. Furthermore, the decrease in the k 3 values for compound II reduction appears to be affected by the type of mutation that is introduced. The R177D and R177E mutations, both introducing a carboxylate functional group, exhibit a < 50-fold decrease in the k 3 value. In contrast, the k 3 value decreases < 90-fold in the R177Q mutant but decreases only < 15-fold for the R177N mutation, where an amide functional group is introduced. The introduced carboxylate functional group could act as an additional ligand, possibly displacing other ligand amino-acid side chains or a ligating water. An additional carboxylate group also introduces an extra negative charge at the Mn II binding site which may repel the three acidic amino-acid ligands. It also may introduce possible disruption or addition of H-bonding interactions. An amide functional group may also introduce additional H-bonding interactions to the Mn II binding site, possibly disturbing the orientation or flexibility of the amino acid ligands. In addition, the increase in size of the mutant amide side chains, from Asn to Gln, results in an additional decrease in electron transfer rate, possibly because Gln protrudes further into the Mn II binding site. However, a size increase of the mutant acidic side chains apparently has no additional effect on the electron transfer rate. In contrast, the R177K or R177A mutations apparently do not inhibit electron transfer. The methyl side chain of Ala is probably too small to have an effect on the interaction of the Mn II binding site ligands with bound Mn II . The positively charged butylammonium side chain of Lys is similar in charge and size to that of Arg, indicating that the Lys side chain may adopt an orientation similar to the side chain of the original Arg and as a result does not interfere with the coordination geometry of the bound Mn II with its binding site ligands. The exact conformation of the mutant Arg177 residues and the resulting changes in ligation geometry would be revealed by crystal structure analysis. Preliminary molecular modeling of the R177D, E, N, Q, A, and K mutant enzyme structures provides some indication as to the geometries of the mutant Mn II binding sites. Superimposed views of the wild-type Mn II binding site and energy minimized R177E and K (Fig. 5) and R177D, N, Q, and A (not shown) mutant Mn II binding sites show that the side chains of the R177D, E, N, and Q mutants protrude into the Mn II binding site, although to different extents. In contrast, the R177K mutant side chain yields an optimized conformation that aligns with the original Arg side chain. These simulations suggest that the mutant side chains of the R177A and R177K variants apparently do not disturb the Mn II binding site geometry of the Mn II saturated proteins, whereas the side chains of the R177D, E, N, and Q mutants probably disrupt the optimal Mn II binding geometry, in agreement with the kinetic results.
In summary, the R177D, E, N, and Q variants used in this study exhibit reduced Mn II binding efficiency and reduced electron transfer rates, suggesting a disruption in the Arg177± Glu35 salt-bridge and suggesting a higher redox potential for the enzyme-bound Mn II in these mutants. In contrast, the lack of change in the electron transfer rates of R177A and R177K mutants suggests that the redox potential is not altered for those mutants when Mn II is bound. These kinetic and molecular modeling results suggest that the side chains of these four mutant residues may disturb the orientation or position of one or more of the Mn II ligands, preventing the formation of the optimal Mn II coordination and ligation geometry.
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